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First-in-human liver-tumour surgery guided by
multispectral fluorescence imaging in the visible
and near-infrared-I/II windows
Zhenhua Hu1,2,7, Cheng Fang3,7, Bo Li3,7, Zeyu Zhang1,4,7, Caiguang Cao1,2, Meishan Cai1,2, Song Su3,
Xingwang Sun3, Xiaojing Shi1,2, Cong Li1,2, Tiejun Zhou3, Yuanxue Zhang3, Chongwei Chi1, Pan He3,
Xianming Xia3, Yue Chen3, Sanjiv Sam Gambhir 5*, Zhen Cheng 5* and Jie Tian 1,2,4,6*
The second near-infrared wavelength window (NIR-II, 1,000–1,700 nm) enables fluorescence imaging of tissue with enhanced
contrast at depths of millimetres and at micrometre-scale resolution. However, the lack of clinically viable NIR-II equipment
has hindered the clinical translation of NIR-II imaging. Here, we describe an optical-imaging instrument that integrates a visible multispectral imaging system with the detection of NIR-II and NIR-I (700–900 nm in wavelength) fluorescence (by using
the dye indocyanine green) for aiding the fluorescence-guided surgical resection of primary and metastatic liver tumours in
23 patients. We found that, compared with NIR-I imaging, intraoperative NIR-II imaging provided a higher tumour-detection
sensitivity (100% versus 90.6%; with 95% confidence intervals of 89.1%–100% and 75.0%–98.0%, respectively), a higher
tumour-to-normal-liver-tissue signal ratio (5.33 versus 1.45) and an enhanced tumour-detection rate (56.41% versus 46.15%).
We infer that combining the NIR-I/II spectral windows and suitable fluorescence probes might improve image-guided surgery
in the clinic.

F

luorescence imaging in the near-infrared window I (NIR-I,
700–900 nm) has shown many benefits, in particular, high
spatial and temporal resolution1–7, not offered by other imaging modalities. It has gained recognition as a powerful technique
and is expected to have an important role in a variety of clinical
scenarios, for example, in fluorescence image-guided surgery and
diagnostic imaging8–12. Besides several conventional small-molecule
NIR dyes such as methylene blue, fluorescein sodium and indocyanine green (ICG), which were approved by the Food and Drug
Administration for routine clinical use, many molecularly targeted
fluorescent probes have been developed and are under active clinical
evaluation, such as the folate receptor α-targeted fluorescent probe
folate–FITC13, the c-MET-targeted optical probe GE-13714 and
the epidermal growth factor receptor-targeted probe CetuximabIRDye800CW15. NIR-I fluorescence imaging is thus a promising
approach for clinical applications.
Although NIR-I imaging performs better than imaging at visible wavelengths, recent advances in optical-imaging research have
shown that imaging quality can be improved in living subjects by
detecting in the second NIR window (NIR-II, 1,000–1,700 nm).
This is mainly attributed to diminished tissue autofluorescence,
reduced photon scattering and low levels of photon absorption at
longer wavelengths16,17. Outstanding gains in performance when
using the NIR-II window include light detection across centimetres
of tissue, micrometre resolution at depths of millimetres and high
target-to-background contrast, all achievable in real time.

However, NIR-II imaging has not been tested in a clinical environment, mainly because of a lack of suitable imaging instruments
and optical probes. Although a variety of NIR-II optical probes,
including nanoparticles, organic polymers and small-molecule
dyes have been developed18–29, these have not been tested in clinic.
Recently, the conventional NIR-I dyes ICG and IRDye800CW have
been found to show tail fluorescence in the NIR-II window30, and
clinically used ICG has been further proved to be suitable for NIR-II
imaging with high performance in small-animal models31,32. These
findings pave the way for the clinical translation of NIR-II imaging.
Motivated by these advances, we present the development of an
integrated visible and NIR-Ι/II multispectral imaging instrument,
and characterize its imaging performance at different infrared windows in phantom and animal studies. We also report the first-inhuman study of visible, NIR-I and NIR-II multispectral imaging in
23 patients with liver cancer, injected with ICG, and compare the
imaging performance of the NIR-Ι window with that of the NIR-ΙI
window in each patient, to evaluate the potential of intraoperative
NIR-ΙΙ fluorescence imaging and NIR-II image-guided surgery in
the clinic (Fig. 1).

Results

Integrated visible and NIR-I/II multispectral imaging instrument for clinical use. To translate the NIR-II imaging approach
into the clinic, and understand its advantages and limitations over
NIR-I imaging, we constructed an integrated visible and NIR-I/
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Fig. 1 | Description of the study plan and the visible and NIR-Ι/II multispectral imaging instrument for clinical applications. a, Patients with liver
cancer were enroled in the study, and then received preoperative imaging examinations, including enhanced CT, MRI, ultrasonography and PET. Before
surgery, the patients were injected with ICG intravenously at a dose of 0.5 mg kg−1 body weight as a routine preoperative liver function test. One to seven
days later, on the day of surgery, the patients received a laparotomy. The liver surface was examined by the integrated NIR-I/II and visible multispectral
imaging instrument and visible and NIR-I/II images were obtained. Tumours were resected by the guidance of ultrasonography and NIR-I imaging. During
the resection, NIR-II images were also acquired. After the operation, visible and NIR-I/II images of the resected specimens were obtained. Pathological
examination of the resected tissues was conducted. b, Schematic of the integrated visible and NIR-I/II multispectral imaging instrument. c, The
customized visible and NIR-I/II multispectral imaging instrument placed in the operating room.

II multispectral imaging instrument, covering the light spectrum
range of 400–1,700 nm. This optical-imaging instrument consists
of two sets of laser excitation equipment and three subsystems:

NIR-II imaging, NIR-I imaging and visible light imaging for acquiring NIR-II fluorescence, NIR-I fluorescence and tissue anatomical
information, respectively (Fig. 1b). The specific parameters of this
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instrument are listed in Supplementary Table 1. The multispectral
instrument was easily placed in the surgical room for clinical use
(Fig. 1c). Using the multispectral instrument, NIR-II and NIR-I
imaging were performed in the operating room with illumination
on and off, respectively (Supplementary Fig. 2a, NIR-II imaging;
Supplementary Fig. 2b, NIR-I imaging).
NIR-I/II imaging of phantoms and tumour mice, and imageguided tumour resection. To further study the performance of
the developed imaging instrument, phantoms and tumour-bearing
mice were used, and image-guided tumour resection in animal
models was performed. In the phantom imaging study, both the
NIR-II and NIR-I fluorescence signal intensities linearly correlated
with the increasing concentration of ICG in fetal bovine serum
(FBS) (Supplementary Information and Supplementary Fig. 1a,b).
Specifically, the correlation between NIR-I imaging intensity and
ICG concentration was found to be Y = 0.73 × X + 0.69 (R2 = 0.94)
for ICG in FBS (Supplementary Fig. 1b, left). Similarly, the correlation between NIR-II imaging intensity and ICG concentration was found to be Y = 0.45 × X + 0.19 (R2 = 0.96) for ICG in FBS
(Supplementary Fig. 1b, right). Further quantitative analysis of the
signal-to-background ratio (SBR) indicated that NIR-II imaging
with ICG in FBS had a greater SBR, followed by NIR-I imaging with
ICG in FBS (Supplementary Fig. 1c). For 4.5 × 10−3 mg ml−1 ICG,
the SBR for NIR-II imaging and NIR-I imaging was 35.56 ± 0.26
and 16.85 ± 0.27, respectively. The minimum detectable concentration of ICG by the instrument was 77.4 fM for NIR-II imaging
and 6.45 fM for NIR-I imaging, indicating the high sensitivity of the
multispectral imaging instrument.
Moreover, both NIR-I and NIR-II imaging clearly differentiated
three phantoms (prepared with ICG dissolved in FBS in capillary
glass tubes) (Fig. 2a, first row). When these samples were covered
by chicken breast tissue with a thickness of 2.0 mm, the phantoms
remained clearly imaged and discriminated (Fig. 2a, second row).
However, when 5.0 mm of chicken breast tissue was used, NIR-I
imaging failed to distinguish the three phantoms, whereas NIR-II
imaging was still capable of differentiating the three sources (Fig.
2a, third row), demonstrating the higher optical resolution of
NIR-II over NIR-I. Lastly, both NIR-I and NIR-II detected signals
from the phantoms, but NIR-I imaging failed to differentiate them,
and NIR-II imaging was still capable of differentiating the three
sources when 8 mm of chicken breast tissue was used as a cover (Fig.
2a, fourth row). Further quantitative analysis showed that the fluorescence signal intensity and SBRs obtained from NIR-I and NIR-II
decreased with increasing depth of the phantoms (Fig. 2b,c). But
regardless of the phantom depth, the SBRs of NIR-II were always
significantly higher than those of NIR-I (P < 0.01) (Fig. 2c), indicating that better imaging quality was achieved by NIR-II over NIR-I
using the multispectral imaging instrument.
NIR-I and NIR-II imaging of subcutaneous HepG2 tumour-bearing mice (n = 3 biologically independent animals per group) with
tail-vein-injected ICG were further performed at 24 h post-injection. Both NIR-I and NIR-II imaging showed that ICG accumulated
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in the tumour and liver with good contrast (Fig. 2d). Tumours were
then removed in both groups of mice under the guidance of fluorescence imaging. Quantitative analysis showed that both the NIR-I
and NIR-II signal from the tumour region and tumour-to-normaltissue ratio (TNR) markedly dropped after the resection (Fig. 2e,f).
Quantitative analysis indicated that preoperative NIR-II imaging
showed a significantly higher TNR than that of NIR-I (2.25 ± 0.06
versus 1.48 ± 0.04, P < 0.001), whereas postoperative NIR-II imaging showed a similar TNR to that of NIR-I (1.01 ± 0.02 versus
1.05 ± 0.04, P = 0.24) (Fig. 2f). Moreover, the SBR for liver (defined
as the liver-signal-to-skin ratio) obtained from preoperative and
postoperative NIR-II imaging were also significantly higher than
those obtained from the corresponding NIR-I imaging (P < 0.01).
Intraoperative NIR-Ι/II imaging of patients with primary hepatocellular carcinoma, intrahepatic metastasis or extrahepatic
metastasis. Patients with liver cancer (n = 23) were enroled in the
group (details of patient characteristics are listed in Supplementary
Table 2), and they received preoperative imaging examinations,
including enhanced computed tomography (CT), magnetic resonance imaging (MRI), ultrasonography and positron emission
tomography (PET). Before surgery, the patients were injected with
ICG intravenously at a dose of 0.5 mg kg−1 body weight as a routine preoperative liver function test. One to seven days later, on the
day of surgery, the patients received a laparotomy. The liver surface
was examined by the multispectral imaging instrument and visible,
NIR-I and NIR-II images were obtained. Tumours were surgically
resected by the guidance of intraoperative in vivo ultrasonography
and NIR-I imaging, while in vivo NIR-II imaging was performed as
a contrast. The resected tumours were also imaged with intraoperative ex vivo visible, NIR-I and NIR-II imaging.
The effects on image quality from environmental light were
briefly tested. For a typical patient with liver cancer, the tumour
could be identified in the visible light image using the multispectral instrument, as indicated by the white arrows in Supplementary
Fig. 2c. We found that NIR-II imaging was barely affected by the
illumination of operating room (Supplementary Fig. 2d). In contrast, NIR-I fluorescence was strongly disturbed and unable to be
differentiated under room illumination (Supplementary Fig. 2e). In
another patient, visible and NIR-II images of the liver surface were
efficiently acquired with room illumination on (Supplementary Fig.
2f,g), whereas illumination off was necessary to acquire clear NIR-I
tumour images (Supplementary Fig. 2h). Hence, in the following
experiments, NIR-I imaging was always performed with room illumination off in this study.
For a typical patient with hepatocellular carcinoma (HCC), preoperative enhanced CT showed a tumour located in liver segments
VII and VIII (Couinaud segmentation) (Fig. 3a). The liver surface
was visualized by visible light imaging (Fig. 3b). A nodule of liver
cancer was successfully detected by an intense NIR-II and NIR-I
fluorescence signal using intraoperative NIR-II and NIR-I imaging
(Fig. 3c,d and Supplementary Fig. 8b,c). For a typical patient with
intrahepatic metastasis, enhanced CT images showed two meta-

Fig. 2 | Comparison of the penetration and resolution of NIR-II and NIR-I imaging and the NIR-Ι/II image-guided tumour resection of subcutaneous
HepG2 tumour-bearing mice. a, Visible light images and NIR-I/II images of the capillary glass tubes containing ICG dissolved in FBS. Arrows correspond
to the location and direction of cross-sectional fluorescence intensity profiles for both the NIR-I and NIR-II regions. The capillary glass tubes were covered
by chicken breast tissue with various thickness (1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 mm). b, The NIR-I/II fluorescence signal intensity decreased
with increasing depth of the capillary glass tubes. c, There was a significant difference between the SBR of NIR-II and NIR-I imaging at various depths
(P < 0.01). Significance was calculated by a two-sided Welch’s t-test. **P < 0.01. d, The detection of the subcutaneous HepG2 tumour and image-guided
resection by NIR-I/II imaging (first row and second row, resection guided by NIR-I and II imaging, respectively.). e, The NIR-I/II signal in the tumour
position dropped dramatically after resection. f, Quantitative analysis indicated that preoperative NIR-II imaging showed a significantly higher TNR than
that of NIR-I (2.25 ± 0.06 versus 1.48 ± 0.04, P < 0.001), whereas postoperative NIR-II imaging showed a slightly lower TNR than that of NIR-I but with no
significant difference (1.01 ± 0.02 versus 1.05 ± 0.04, P = 0.2396). Significance was calculated by a two-sided Welch’s t-test. **P < 0.01; ***P < 0.001. Data
in b, c, e and f are mean ± s.d.
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8d-f) and visualized them, individually. For a typical patient with
extrahepatic metastasis, both preoperative CT and PET imaging
indicated primary liver cancer in liver segments II and III, but failed

static lesions in the liver (as one representative lesion, indicated by
the red arrow in Fig. 3e). The multispectral instrument also detected
the two intrahepatic metastases (Fig. 3f–h and Supplementary Fig.
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Fig. 3 | Intraoperative NIR-ΙI/I imaging of patients with primary HCC, intrahepatic metastasis or extrahepatic metastasis. A total of 1,057 intraoperative
fluorescence images, including 490 NIR-I images and 567 NIR-II images, were obtained. Additional results are included in Supplementary Figs. 2–8. a,
For a typical patient with HCC, preoperative enhanced CT showed a tumour located in liver segments VII and VIII. b, The liver surface was visualized by
visible light imaging with illumination from sunlight lamps in the surgery room. c,d, A nodule of liver cancer was successfully detected as intense NIR-II
(c) and NIR-I (d) fluorescence signals using intraoperative NIR-II and NIR-I imaging. e, For a typical patient with intrahepatic metastasis, enhanced CT
images showed two metastatic lesions in the liver (as one representative lesion indicated by the red arrow). f–h, The multispectral instrument detected
two intrahepatic metastases, showing them separately, using visible light imaging (f), and intraoperative NIR-II (g) and NIR-I (h) imaging. i–m, For a
typical patient with extrahepatic metastasis, preoperative CT (i) and PET (j) images clearly showed primary liver cancer in liver segments II and III and
there was no extrahepatic metastasis. However, after the laparotomy, intraoperative NIR-II (l) and NIR-I (m) imaging found the metastatic lesion in the
omentum (k). n, White arrows correspond to the location and the direction of cross-sectional fluorescence intensity profiles for both the NIR-II and NIR-I
regions. The quantitative analysis results also showed that the NIR-II imaging discriminated a nodule of liver cancer more effectively compared with NIR-I.
o, The H&E results showed that the tumours were well-differentiated HCC (top), moderately differentiated HCC (middle) and ICC (bottom). Scale bar,
50 μm. p, For all the patients with primary HCC (n = 11), NIR-II imaging achieved a significantly higher TNR over NIR-I imaging (P = 0.024, top). For all
the patients with intrahepatic metastasis (n = 9), intraoperative NIR-II imaging showed a significantly higher TNR over NIR-I imaging (P < 0.001, middle).
Lastly, it was found that the TNRs of NIR-II imaging obtained from two patients with extrahepatic metastasis were higher than those of NIR-I (bottom).
Each point in the figure represents the result from one patient. Data are mean ± s.d. Significance was calculated by a two-sided Welch’s t-test. *P < 0.05;
***P < 0.001. q, For a typical patient with HCC, the liver surface was visualized by visible light imaging. r, A small intrahepatic metastasis in the right liver
was successfully detected by NIR-II imaging, as shown by the red arrow. s, However, NIR-I imaging failed to detect the lesion. t, The TNR of NIR-II was
1.49. u, Histopathological examination using H&E staining showed that the dissected lesion was moderately differentiated HCC. Scale bar, 50 μm.

to detect the extrahepatic metastasis (Fig. 3i,j). After laparotomy,
intraoperative NIR-II and NIR-I imaging revealed the metastatic
lesion in the omentum (Fig. 3k–m and Supplementary Fig. 8g-i) and
the peritoneum (data not shown). These results demonstrated that
the combination of intraoperative NIR-II and NIR-I fluorescence
Nature Biomedical Engineering | www.nature.com/natbiomedeng

imaging detected extrahepatic metastases overlooked by preoperative modalities, and that this finding changed the patient’s staging
and treatment options.
In these three representative examples, the white arrows correspond to the location and direction of cross-sectional fluorescence
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intensity profiles for both the NIR-II and NIR-I regions. The quantitative analysis results also showed that the NIR-II imaging discriminated a nodule of liver cancer more effectively compared with NIR-I
(Fig. 3n). All the TNRs of NIR-II were much higher than those of
NIR-I (primary HCC, 2.10 versus 1.07; intrahepatic metastasis, 2.83
versus 1.02 and 2.50 versus 1.01; extrahepatic metastasis, 1.19 versus 1.07). Further histopathological examination using hematoxylin
and eosin (H&E) staining demonstrated that the dissected tumours
were well-differentiated HCC (Fig. 3o, top), moderately differentiated HCC (Fig. 3o, middle) and moderately differentiated cholangiocellular carcinoma (ICC) (Fig. 3o, bottom).
In this study, for all the patients with solitary HCC (n = 11), intraoperative NIR-II imaging detected seven HCC nodules, including
two well-differentiated HCCs and five moderately differentiated
HCCs. Intraoperative NIR-I imaging detected six HCC nodules,
including two well-differentiated HCCs and four moderately differentiated HCCs. NIR-II imaging achieved a much higher TNR
over NIR-I imaging (Fig. 3p, top; 2.43 ± 1.16 versus 1.17 ± 0.13,
P = 0.024). For all the patients with intrahepatic metastasis (n = 9),
intraoperative NIR-II imaging detected nine primary HCCs and
four intrahepatic metastases, whereas NIR-I imaging detected seven
primary HCCs and three intrahepatic metastases. Intraoperative
NIR-II imaging also showed a much higher TNR over NIR-I imaging for these patients (Fig. 3p, middle; 2.83 ± 1.13 versus 1.07 ± 0.04,
P < 0.001). Lastly, it was found that the TNRs of NIR-II imaging obtained from two patients with extrahepatic metastasis were
higher than those of NIR-I (Fig. 3p, bottom).
We also found that NIR-II imaging was able to visualize some
tumour lesions that were missed by NIR-I imaging. For example,
the liver surface was visualized by visible light imaging in a patient
with HCC (Fig. 3q). A small intrahepatic metastasis in the right liver
was successfully detected by NIR-II imaging, as shown by the red
arrow in Fig. 3r. However, NIR-I imaging failed to detect the lesion
(Fig. 3s). The TNR of NIR-II was 1.49 (Fig. 3t). Histopathological
examination using H&E staining showed that the dissected lesion
was moderately differentiated HCC (Fig. 3u).
Intraoperative fluorescence image-guided tumour resection.
Tumour lesions recognized by surgeons first received visible light
imaging by the multispectral imaging instrument (Fig. 4a). NIR-II
fluorescence also identified the location of the tumour (Fig. 4b).
The NIR-I fluorescence distribution pattern was consistent with
that of the NIR-II image (Fig. 4c). Guided by ultrasonography and
the visible light image, the tumour was resected and thought to be
completely removed on the basis of the experience of the surgeons
(Fig. 4d). Intraoperative ultrasonography also verified that there
was no residual tumour (Fig. 4j). However, NIR-II and NIR-I imaging still detected fluorescence from the remaining tissue (Fig. 4e,f).
Then, on the basis of the NIR-I images, further resection was performed. After this second resection, visual inspection indicated that
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there was no residual tumour (Fig. 4g), and optical imaging showed
no NIR-II or NIR-I fluorescence in the remaining tissue either (Fig.
4h,i). The abovementioned two resected tissues were imaged and
are shown in Fig. 4k,l, respectively. Quantitative analysis indicated
that both the NIR-I and NIR-II signals from the tumour region had
no obvious change after the first resection but hugely dropped after
the second resection (Fig. 4m). For the first resection, the TNR of
NIR-II imaging was also higher than that of NIR-I, and there was no
difference for the TNR of NIR-II and NIR-I after the second resection (Fig. 4n). H&E staining showed that the two resected tumour
tissues were both HCC (Fig. 4o). The results indicated that both
intraoperative NIR-I and NIR-II imaging detected residual HCC,
which were undetected by visual inspection and intraoperative
ultrasonography.
NIR-II imaging also demonstrated the capability to delineate
lesions that were missed by NIR-I imaging in the image-guided
resection procedure. For a typical patient with HCC, guided by
ultrasonography and the visible light image, the tumour was
resected and considered to be completely removed on the basis of
the experience of the surgeons (Fig. 4p). However, NIR-II imaging
detected a residual fluorescent lesion (Fig. 4q) and NIR-I imaging
failed to reveal any signals (Fig. 4r). This fluorescent lesion was confirmed as abnormal by surgeons and then resected. Postoperative
histopathological examination proved that the resected abnormal
tissue was HCC (Fig. 4s).
NIR-I/II imaging of the resected specimens. A typical primary
HCC was resected and then clearly delineated ex vivo from intraoperative visible light, NIR-II and NIR-I images (Supplementary
Fig. 3a–c). For a representative intrahepatic metastasis, the resected
tumour specimen was sliced and imaged intraoperatively with
the multispectral imaging instrument (Supplementary Fig. 3d–i).
NIR-II and NIR-I imaging identified three extra lesions that were
undetected by preoperative CT, as indicated by white and red
arrows in Supplementary Fig. 3e–i. For an extrahepatic metastasis,
on the basis of the NIR-I image, the metastatic lesion was resected
(Supplementary Fig. 3j), and NIR-II and NIR-I fluorescence was
observed from the resected tumour specimen (Supplementary
Fig. 3k,l). The quantitative analysis showed that the NIR-II imaging discriminated lesions more effectively compared with NIR-I
(Supplementary Fig. 3m–o). All the TNRs of NIR-II were much
higher than those of NIR-I (primary HCC, 1.37 versus 1.04; intrahepatic metastasis, 2.63 versus 1.11 and 2.00 versus 1.24; extrahepatic
metastasis, 5.73 versus 1.15). The H&E results demonstrated that
the primary tumour was well-differentiated HCC (Supplementary
Fig. 3p). For the intrahepatic metastases, one was found to be focal
nodular hyperplasia (Supplementary Fig. 3q, number 1) and the
other two were shown to be HCC (Supplementary Fig. 3r,s, numbers 2 and 3). The extrahepatic metastasis was shown to be HCC
(Supplementary Fig. 3t).

Fig. 4 | Intraoperative NIR-I/II fluorescence image-guided tumour resection. a, For a typical NIR-I image-guided surgery study, the visible image first
showed a lesion in the liver tissue. b, NIR-II fluorescence also identified the location of the tumour. c, The NIR-I fluorescence distribution pattern was
consistent with that of the NIR-II imaging. d, Guided by ultrasonography and the visible light image, the tumour was resected and thought to be completely
removed on the basis of the experience of the surgeons. j, Intraoperative ultrasonography also verified there was no residual tumour. e,f, However,
NIR-II (e) and NIR-I (f) imaging still detected fluorescence in the residual tissue (indicated by red arrows). Then, on the basis of the NIR-I image, further
resection was performed. g, After this second resection, visual inspection indicated there was no residual tumour. h,i, Further, there was no NIR-II (h)
or NIR-I (i) fluorescence signal in the residual tissue. k,l, The first (k) and second (l) resected tissues. m, Quantitative analysis indicated that both the
NIR-I and NIR-II signals from the tumour region had no obvious change after the first resection, but hugely dropped after the second resection. n, For the
first resection, the TNR of NIR-II imaging was also higher than that of NIR-I, and there was no difference for the TNR of NIR-II and NIR-I after the second
resection. o, The two resected tumour tissues were shown to be HCC. Scale bar, 50 μm. p, For a typical patient with HCC, guided by ultrasonography and
the visible light image, the tumour was resected and thought to be completely removed on the basis of the experience of the surgeons. q, NIR-II imaging
detected fluorescence signals in the remaining tissue sections. r, NIR-I imaging did not reveal any signals. s, The fluorescent residual tissues were further
resected and received histopathological examination to verify that the tissues were HCC. Representative H&E staining image showed that the resected
lesion was HCC. Scale bar, 50 μm.
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For a typical patient with HCC (Fig. 3a–d), intraoperative NIR-II
and NIR-I imaging detected the lesion (Fig. 3c,d). The intraoperative ultrasonography was used for demonstrating the position, depth
and size of the tumour (Supplementary Fig. 4a). The resected fluorescent tissue (Supplementary Fig. 4b) was transversely incised into
two parts along the maximum tumour diameter (Supplementary Fig.

b

a

4c). NIR-II and NIR-I fluorescence imaging was performed on the
tumour specimen and no fluorescence was acquired in the normal
liver tissues (Supplementary Fig. 4d, visible image; Supplementary Fig.
4e, NIR-II; Supplementary Fig. 4f, NIR-I). The quantitative analysis
results showed that the NIR-II imaging discriminated lesions more
effectively compared with NIR-I (Supplementary Fig. 4g,h).
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Fig. 5 | Comparison of TNR or TBR for NIR-II and NIR-I imaging. a, Quantitative analysis of the TNR of NIR-II and NIR-I imaging in the in vivo experiment.
b, Quantification analysis of the TNR of NIR-II and NIR-I imaging in the ex vivo experiment. c, Quantitative analysis of the TBR of NIR-II and NIR-I imaging
in the ex vivo experiment. Quantitative analysis of all patients clearly showed that the TNR or TBR for NIR-II imaging was much larger than that for NIR-I
imaging both in the in vivo and ex vivo experiments. NIR-II, red solid circle; NIR-I, black hollow circle. d, In the in vivo experiment, there was a significant
correlation difference between the TNR of NIR-II and NIR-I (P < 0.0001). The TNR of the NIR-II imaging results was obviously higher than that of the
NIR-I results. e, In the ex vivo experiments, the TNR of NIR-II imaging was significantly higher than that of NIR-I imaging (P < 0.0001). f, In the ex vivo
experiments, the TBR of NIR-II imaging was superior compared with NIR-I imaging (P < 0.0001). Data in d–f are mean ± s.d. Data range, median and
quartiles are shown as box plots in d–f. Significance was calculated by a two-sided Welch’s t-test. ****P < 0.0001.
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Comparison of malignant tumour-detection ability of NIR-I
and NIR-II imaging. Overall, 23 patients had a total of 39 lesions
including the primary tumour and metastases. Preoperative imaging modalities identified 34 malignant lesions. NIR-II imaging
detected 35 malignant lesions and NIR-I identified 32 malignant
lesions. The results are listed in Supplementary Table 7. NIR-II
imaging identified 30 of 34 preoperatively diagnosed malignant
lesions, including 20 lesions visualized by intraoperative in vivo
NIR-II fluorescence imaging and the other 10 found in the sectioned specimens by intraoperative ex vivo NIR-II imaging. There
were four lesions not detected by NIR-II imaging. However, other
than preoperatively diagnosed lesions, NIR-II fluorescence imaging
visualized five additional malignent lesions, including two detected
by intraoperative in vivo NIR-II imaging and three found in NIR-II
imaging of specimens (Fig. 6a).
NIR-I imaging identified 27 of 34 preoperatively diagnosed
malignant lesions, including 17 lesions visualized by intraoperaNature Biomedical Engineering | www.nature.com/natbiomedeng
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Comparison of imaging contrast ratio between NIR-I and NIR-II
imaging. The fluorescence intensity of tumour, normal liver tissue
and ex vivo imaging background were plotted (Supplementary Fig.
9). The quantified data are listed in Supplementary Table 3. Tumour
tissue, normal tissue or background could be differentiated by NIR-I
or NIR-II fluorescence intensity. Notably, the differences between
tumour signals and normal-tissue signals or background in NIR-II
imaging were much more pronounced than those from NIR-I imaging, explaining why NIR-II imaging had improved performance in
identifying lesions compared with NIR-I.
Quantitative analysis of all patients clearly showed that the TNR
or tumour-to-background ratio (TBR) of NIR-II imaging was much
higher than that of NIR-I imaging both in the in vivo and ex vivo
imaging studies (Fig. 5a–c). The TNRs and TBRs of the NIR-I/II
imaging studies are listed in Supplementary Table 6. In the in vivo
imaging study, the mean TNR of NIR-II imaging was 2.66 ± 1.14,
which was almost 2.4-fold higher than that of NIR-I (1.12 ± 0.12).
The maximum TNR of in vivo NIR-II imaging and TBR of ex vivo
NIR-II imaging were 5.33 and 5.72, respectively. However, the
maximum TNR of in vivo NIR-I imaging and TBR of ex vivo NIR-I
imaging were only 1.45 and 2.92, respectively. For both in vivo and
ex vivo imaging studies, there was a significant improvement of the
imaging contrast ratio in NIR-II compared with NIR-I (Fig. 5d–f;
P < 0.0001 for in vivo and ex vivo). The distribution of the TNR/
TBR for NIR-II imaging was found to be mainly in the range of 2–4,
much higher than that for NIR-I, which was mainly in the range of
1–2 (Fig. 5d–f).
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For another typical patient with HCC (Supplementary Fig. 4i),
intraoperative fluorescence imaging did not detect any lesions;
however, the intraoperative ultrasonography detected a tumour at a
depth of 20 mm (Supplementary Fig. 4j). The tumour was resected
(Supplementary Fig. 4k). The specimen was transversely incised to
expose the maximum tumour section, and was further sliced into pieces
of approximately 10 mm thickness (Supplementary Fig. 4l). Every section received fluorescence imaging to detect all the tumour lesions.
The NIR-II and NIR-I imaging results showed the cirrhotic nodule
had no NIR-II or NIR-I fluorescence, while the tumour tissues were
fluorescent (Supplementary Fig. 4m, visible image; Supplementary
Fig. 4n, NIR-II; Supplementary Fig. 4o, NIR-I). The H&E results confirmed that the tissue with the strongest optical signal (Supplementary
Fig. 4m, arrow 1) was solid-type HCC (Supplementary Fig. 4p), the
tissue with relatively weak fluorescence (Supplementary Fig. 4m,
arrow 2) was glandular-type HCC (Supplementary Fig. 4q) and the
non-fluorescent tissue (Supplementary Fig. 4m, arrow 3) was a cirrhotic nodule (Supplementary Fig. 4r). The quantitative analysis demonstrated again that NIR-II imaging had a stronger performance than
NIR-I imaging in tumour identification (Supplementary Fig. 4s,t).

Fig. 6 | Comparison of tumour-detection ability of NIR-I/II imaging.
a, Preoperative imaging modalities identified 34 lesions. A total 35
lesions were found by NIR-II imaging. NIR-II imaging identified 30 of 34
preoperatively diagnosed lesions. There were 4 of these 34 lesions that
were not detected by NIR-II imaging. However, other than preoperatively
diagnosed lesions, NIR-II fluorescence imaging visualized six new lesions.
Five lesions were malignant and one was benign. b, NIR-I imaging detected
a total of 32 lesions. NIR-I imaging identified 27 of 34 preoperatively
diagnosed lesions. There were seven lesions that were not detected
by NIR-I imaging. Besides the preoperatively diagnosed lesions, NIR-I
fluorescence imaging also visualized six new lesions (five malignant
lesions and one benign lesion). c, A total of 35 tumours were found by
NIR-II imaging, including the in vivo intraoperative imaging and the ex
vivo resected specimen imaging. Intraoperative NIR-II imaging visualized
22 lesions. The other 13 lesions were found in the sectioned specimens
by NIR-II imaging. NIR-I imaging detected a total of 32 tumours: 18
tumours were detected in the intraoperative imaging and 14 tumours were
detected in the resected specimen imaging. The 32 lesions detected by
NIR-I imaging were all detected by NIR-II imaging. It is worth noting that
NIR-II imaging found three extra tumours that could not be found by NIR-I
imaging. Data range, median and quartiles are shown as box plots in a–c.

tive in vivo NIR-I fluorescence imaging and the other 10 found by
intraoperative ex vivo NIR-I imaging. There were seven lesions not
detected by NIR-I imaging. However, other than preoperatively
diagnosed lesions, NIR-I fluorescence imaging also visualized five
additional malignant lesions, including one detected by intraoperative in vivo NIR-I imaging, and four found by ex vivo NIR-I imaging
on specimens (Fig. 6b).
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Table 1 | Diagnostic results of NIR-II and NIR-I imaging
Gold standard
Positive

Gold standard
Negative

CI

Sensitivity (%)

Specificity (%)

PPV

NPV

Accuracy

32

3

95%

100

88.46

91.43

100

91.43

89.1–100

69.85–97.55

76.9–98.2

85.18–100

76.9–98.2

95%

90.63

88.46

90.63

88.46

82.86

75.0–98.0

69.85–97.55

75.0–98.0 69.85–
97.55

NIR-II

Positive
Negative

0

23

NIR-I

Positive

29

3

Negative

3

23

66.4–93.4

PPV, positive predictive value; NPV, negative predictive value.

The six lesions newly detected by NIR-II or NIR-I imaging
included three HCCs (three were moderately differentiated), two
ICCs and one benign lesion (Supplementary Table 4). The benign
lesion was later diagnosed as a focal nodular hyperplasia by histopathological analysis. Except one ICC, the diameter of the newly
detected lesions was below 15 mm.
For the 35 tumours found by intraoperative NIR-II imaging,
22 tumours were visualized by in vivo imaging, and the other 13
tumours were found in the sectioned specimens by ex vivo imaging
(Fig. 6c). Intraoperative NIR-I imaging detected 32 tumours in total:
18 tumours were detected in vivo and 14 tumours were detected
in the resected specimen imaging. All of the 32 lesions detected by
NIR-I imaging were also detected by NIR-II imaging. It is worth
noting that NIR-II imaging found three extra tumours that were not
detectable by NIR-I imaging.
The malignant tumour-detection rate of intraoperative in vivo
NIR-II and NIR-I fluorescence imaging was calculated to be 56.41%
(22/39, 95% confidence interval (CI) 39.6%–72.2%) and 46.15%
(18/39, 95% CI 30.1%–62.8%), respectively. The detection rate was
100% (32/32, 95% CI 89.1%–100%) and 90.63% (29/32, 95% CI
75.0%–98.0%) for ex vivo NIR-II and NIR-I fluorescence imaging,
respectively (Supplementary Table 5). Moreover, the detection sensitivity of NIR-II imaging was 100% (32/32, 95% CI 89.1%–100%)
and its positive predictive value was 91.43% (32/35, 95% CI 76.9%–
98.2%), while the sensitivity of NIR-I imaging was 90.63% (29/32,
95% CI 75.0%–98.0%) and its positive predictive value was 90.63%
(29/32, 95% CI 75.0%–98.0%) (Table 1). Lastly, the accuracy of
tumour detection of NIR-II and NIR-I imaging was calculated to be
91.43% (32/35, 95% CI 76.9%–98.2%) and 82.86% (29/35, 95% CI
66.4%–93.4%), respectively.

Discussion

Fluorescence detection in the NIR-II window provides many
advantages over the more conventional NIR-I imaging, including
improved imaging depth sensitivity, higher spatial resolution and
imaging contrast in small-animal models15,16, and thus represents a
promising field of study. Considering the interest in pursuing clinical NIR-I imaging, demonstrated by recent literature on the topic,
and the potential utility that the NIR-I spectral window has for disease diagnosis and image-guided surgery8–12, it is both crucial and
urgent to determine whether NIR-II imaging provides similar benefits in clinical scenarios, and to evaluate its performance compared
with NIR-I imaging. We have thus developed an integrated visible
and NIR-ΙI/I multispectral imaging instrument and performed the
first-in-human study testing NIR-II imaging in a group of patients
with liver cancer. The results will help to understand the potential
role of NIR-II imaging in patient diagnosis and management, and
to determine the advantages and limitations of both NIR windows
in human applications.
The optical-imaging instrument covers the whole spectrum of
visible, NIR-I and NIR-II light, providing the capability to image
diseased tissue using a wide range of optical probes detectable in
the NIR-I/II windows, and to directly compare the imaging perfor-

mance of NIR-II and NIR-I in the same patients. An experiment
carried out on a phantom containing ICG samples showed that the
detection sensitivity of the multispectral instrument is 77.4 fM for
NIR-II imaging and 6.45 fM for NIR-I imaging, suggesting that the
instrument can detect targets with very low concentrations of contrast agent. It should also be noted that the higher sensitivity in vitro
observed for ICG in the NIR-I over the NIR-II window is mainly
attributed to the peak fluorescence emission intensity displayed by
ICG in the NIR-I window, than in the tail-end of its emission in the
NIR-II window.
Moreover, the phantom study shows that the optical resolution
of NIR-II imaging is higher than that of NIR-I imaging. NIR-II
imaging can distinguish three light sources underneath 8.0 mm of
chicken breast tissue, whereas NIR-I imaging failed at this depth
(Fig. 2a). Better imaging quality is also achieved using NIR-II imaging, compared with NIR-I, in small-animal models (Fig. 2d–f),
mainly attributed to reduced tissue autofluorescence, reduced
photon scattering and the low levels of photon absorption at longer wavelengths15,16. These results highlight the improved imaging
performance of NIR-II over NIR-I, which are also consistent with
previous findings26,29–31.
Both in vivo and ex vivo intraoperative tumour imaging in
patients clearly demonstrate that NIR-II imaging shows better
image quality than NIR-I (Figs. 3 and 4). The TNRs or TBRs of
NIR-II fluorescence imaging are significantly higher than that of
NIR-I fluorescence imaging. During intraoperative in vivo imaging,
the TNR of NIR-II imaging reached as high as 5.33, whereas the
maximum TNR for NIR-I imaging was only 1.45 (Fig. 5). In the ex
vivo imaging study, the TBR of NIR-II imaging was 5.72, almost
twice the TBR of NIR-I imaging (only 2.92). Consistent with the
high imaging contrast obtained for intraoperative NIR-II imaging,
it also shows a higher malignant tumour-detection rate than that
of NIR-I (in vivo imaging: 56.41% versus 46.15%; ex vivo imaging of resected specimens: 100% versus 90.63%) (Supplementary
Table 5). This result is in line with the rate of HCC detection using
intraoperative NIR-I fluorescence imaging (52–100%) or postoperative NIR-I imaging of resected tissue (100%) reported in the
literature33–36. Moreover, the tumour-detection sensitivity of NIR-II
and NIR-I imaging has been found to be 100% and 90.63%, and its
positive predictive value is 91.43% and 90.63%, respectively (Table
1). Thus, NIR-II imaging shows a higher tumour-detection sensitivity and positive predictive value than that of NIR-I. All of these
comparisons strongly suggest that NIR-II imaging is a better technique than NIR-I in clinical intraoperative liver-cancer imaging and
image-guided surgery. A further advantage of using NIR-II imaging is its compliance with operating-room illumination, compared
with NIR-I imaging that requires the lights to be switched off. This
feature of NIR-II imaging provides convenience and feasibility for
clinical applications. The advantages of complementing NIR-II and
NIR-I for ICG detection during image-guided surgery of liver cancer are unclear. Further investigations of whether both windows can
be combined to improve tumour imaging and treatment by using
two or multiple probes specifically optimized for NIR-II and NIR-I
Nature Biomedical Engineering | www.nature.com/natbiomedeng
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imaging will be needed. The integrated imaging system developed
in this study provides a solid foundation for this research direction.
Compared with the current preoperative imaging modalities
(ultrasonography, MRI, CT) and intraoperative imaging techniques
(ultrasonography), our studies show that intraoperative ICG-based
NIR-I/II fluorescence imaging can detect the tumour lesions with
no obvious imaging characteristics (Supplementary Table 7, Figs.
3 and 4, and Supplementary Fig. 3). After laparotomy, intraoperative NIR-I/II fluorescence imaging was able to detect the lesions
missed by preoperative imaging modalities, which can substantially
promote the accuracy of patient staging and management (Fig. 3).
During surgery, NIR-I/II imaging can also identify residual lesions
that are difficult to be recognized by surgeons or intraoperative
ultrasonography (Fig. 4). Moreover, our imaging study revealed that
ICG distributed quite uniformly in well-differentiated or moderately differentiated tumours, but partial-type and rim-type distributions were found in the poorly differentiated HCCs (Supplementary
Fig. 5), which is consistent with previously reported findings37.
However, using ICG for NIR-I/II fluorescence imaging has some
limitations. In this study, ICG was selected for liver-cancer NIR-II
imaging in patients because of its established use in the clinic.
However, ICG is a non-targeted probe with suboptimal emission
characteristics for NIR-II detection. It cannot distinguish malignant
tumours from benign ones, and its accumulation in other tissues
may lead to false positives (Table 1). It is expected that the performance of NIR-II imaging can be further improved with targeted
probes that are purpose designed. Several IRDye800CW-based
probes are able to generate NIR-II fluorescence, although they are
currently applied to NIR-I imaging. These dyes could be conjugated
with tumour-targeted biomolecules (such as monoclonal antibodies
or peptides) and used for NIR-II tumour imaging with the NIR-I/
II multispectral imaging system. Targeted fluorescent probes for
NIR-II imaging could thus broaden the use of the multispectral
imaging system for the detection of cancer and other diseases.
In summary, we have developed and applied an integrated visible
and NIR-Ι/II multispectral imaging instrument with high detection
sensitivity and resolution for the intraoperative NIR-II imaging
of patients with cancer. Our study shows that NIR-II imaging has
advantages over traditional NIR-I imaging in clinical scenarios, and
thus highlights the promising clinical potential of intraoperative
NIR-ΙΙ fluorescence imaging and NIR-II image-guided surgery.

Methods

Study design. The goals of this study were to: (1) develop an integrated visible
and NIR-I/II multispectral imaging instrument and technique for intraoperative
fluorescence imaging and image-guided cancer surgery of patients; and (2)
compare the NIR-II fluorescence imaging of the patients with NIR-Ι fluorescence
imaging. We optimized the performance of the multispectral instrument, including
the working distance, surgical field of view, imaging resolution, sensitivity and so
on. Then, we demonstrated the feasibility of using the instrument to image HepG2
tumours and guide the tumour resection on mice. This pilot study of NIR-I/NIRII imaging in patients with liver cancer has also been explored in a clinical trial
(ChiCTR1900022453) in China.
Development of integrated visible and NIR-I/II multispectral imaging
instrument and image processing program. The optical-imaging instrument
consists of two sets of laser excitation equipment and the combined NIR-I/II and
visible light imaging instrument. The NIR-II imaging subsystem is composed
of a high-sensitivity InGaAs charge-coupled device (NIRvana 640, Teledyne
Princeton Instruments) camera and lens (EF 24–70 mm F/2.8L II USM, Canon),
connecting through an adapter that integrates an optical filter (1,000 nm LP,
FEL1000, Thorlabs). The NIR-I imaging subsystem is composed of a highsensitivity complementary metal–oxide–semiconductor (CMOS, PCO.edge 5.5m,
PCO AG) and lens (EF 24–70 mm F/2.8L II USM, Canon). The lens and a filter
(832 ± 18.5 nm BP, FF01-832/37, Semrock) are coupled with the CMOS camera
using an adapter. Similarly, the visible imaging subsystem is made of a highresolution colour-light CMOS camera (PCO.edge 5.5c, PCO AG) and a lens (EF
24–70 mm F/2.8L II USM, Canon). The excitation equipment includes the laser,
optical fibre and beam expander. When the multispectral imaging instrument was
operating, a 785 nm and 808 nm laser (output power 2.0 W, MW-GX-785 and MWNature Biomedical Engineering | www.nature.com/natbiomedeng
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GX-808, Changchun Leirui Optoelectronic Technology) were employed as the
excitation source for NIR-I and NIR-II imaging, respectively. The three subsystems
operate independently from each other, to reduce the potential mutual interference
and provide desirable performance in each spectrum range. A thermoelectric
(Peltier) cooling method was adopted for all the subsystems, which conducted with
high compatibility and little disturbance. Images of NIR-I, NIR-II and visible light
were acquired in a parallel manner. The detailed information related to optics is
presented in Supplementary Table 1.
A program was specially designed based on MATLAB (MathWorks) to pseudocolour the fluorescence images intraoperatively. In this program, original images
were firstly de-noised through median filtering (neighbourhood size 9 × 9). Then,
fluorescence images were converted into pseudo-coloured according to pixel
counts. High-intensity areas were shown with yellow, while blue represented low
intensity. Moreover, a visualization threshold indicating signal intensity of normal
tissues was intraoperatively assigned on the basis of surgeon diagnosis. Pixel counts
above this threshold were pseudo-coloured, while the below part was identified as
normal tissue signal and turned into transparent. The threshold could be adjusted
for satisfying demands in different surgeries.
After acquisition of fluorescence and visible light images (NIR-II with
LightField 6, Teledyne Princeton Instruments; NIR-I and visible light with
Camware 4, PCO AG), the developed MATLAB program was immediately
employed to generate pseudo-coloured results that presented the fluorescence
intensity distribution. The generated pseudo-coloured results were overlaid on the
white-light tissue images. Then, the surgeons were able to readily recognize the
location of tumours and determine resection areas.
Phantom imaging study. To compare the penetration depth and resolution of
NIR-I/II imaging, chicken breast tissues with various thicknesses were used to
cover the capillary glass tubes (n = 3 per group) containing ICG (25 mg per kit,
Dandong Yichuang Pharmaceutical, this product was approved for clinical use by
China Food and Drug Administration) dissolved in FBS. The thicknesses used
were: 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 mm. Then, NIR-I/II fluorescence
images were acquired. The relationships between the depth of the sources and the
signal intensities or SBR were investigated.
In vivo mice imaging study. To study the feasibility of the multispectral imaging
instrument for detecting and guiding resection of tumours, subcutaneous HepG2
carcinoma mouse models were established by the tumour-block transplant
method. The HepG2 cell line and female athymic nude mice (n = 6 biologically
independent animals, 4–6 weeks old, weight 17–25 g) were obtained from the
Department of Experimental Animals (Academy of Military Medical Sciences).
To establish mouse models, HepG2 tumour obtained from an orthotropic mouse
model was split into several small blocks, and each block was approximately 2 mm3.
With isoflurane (RWD Life Science) anaesthetization, the mice received skin
incision in the left front flank. Then a HepG2 block was implanted subcutaneously
through the incision to each mouse, followed by incision closure. Povidone-iodine
was used to disinfect during tumour model establishment. When tumours reached
7 mm in diameter around 20 d later, the HepG2 tumour-bearing mice (n = 3
biologically independent animals per group) were subjected to in vivo imaging
studies. First, the mice were injected with ICG (0.1 mg ml−1, 0.1 ml, diluted with
sterile water for injection) through the tail vein, and at 24 h, the mice received
NIR-II and NIR-I imaging for tumour detection and then NIR-II and NIR-I
fluorescence image-guided tumour resection. A 500 ms exposure time was used
for NIR-II imaging, while 300 ms exposure was used to acquire NIR-I images.
The excitation laser power was 30–35 mW cm−2. The excised tumour tissue was
subjected to histopathological examination. All animal studies were approved by
the Institutional Animal Care and Use Committee, Chinese Academy of Sciences.
All procedures were carried out strictly in accordance with the appropriate
institutional guidelines for animal research.
Patient characteristics. Patients were recruited from the Affiliated Hospital of
Southwest Medical University in China between October 2017 and July 2018.
Twenty-three patients with liver cancer were considered eligible for the study.
Preoperative imaging modalities including CT, MRI, ultrasonography and PET
were used to diagnose liver cancer (detailed information is provided in the
Supplementary Information). Other inclusion criteria included an age of 18 years
or older and written informed consent. Exclusion criteria were patient experience
of claustrophobia, pregnancy or lactation. This study was approved by the
Medical Ethics Review Committee of the Affiliated Hospital of Southwest Medical
University and was registered at Chictr.org.cn. Baseline characteristics of all
patients are shown in Supplementary Table 2. Surgical procedures were determined
according to the American Joint Committee on Cancer (AJCC) liver-cancer
resection standard and an ICG 15 min retention rate.
NIR-I/II imaging studies of patients. ICG (2.5 mg ml−1, diluted with sterile water
for injection) with a dose of 0.5 mg kg−1 body weight was injected intravenously
within 1–7 d (mean 3.74 and median 4) before the surgery. In the operating room,
after the laparotomy, the visual inspection, manual palpation and intraoperative
ultrasonography (Pro Focus 2202, BK Medical) were first performed to examine
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whether there were any other metastatic tumours in the abdominal cavity. Liver
tissues within 5 cm distance from the preoperatively detected lesion first received
intraoperative ultrasonography. Then, the right hepatic lobe, left hepatic lobe,
caudal hepatic lobe, hepatoduodenal ligament and other abdominal organs
were scanned in sequence by intraoperative ultrasonography. In the right lobe,
hepatic segments of S5, S8, S6 and S7 were successively scanned. In the left lobe,
hepatic segments were scanned in the sequence S4, S2 and S3. Hepatic segment
S1 was scanned in the caudal hepatic lobe. Any abnormal lesions detected by
intraoperative ultrasonography were recorded. Subsequently, intraoperative in vivo
NIR-I and NIR-II fluorescence imaging were used to examine the liver surface
using the multispectral imaging instrument. An exposure time of 500 ms was
set for NIR-II imaging, 300 ms for NIR-I imaging and 50 ms for visible imaging.
The laser power for excitation was 30–50 mW cm−2 during NIR-I/II imaging.
Illumination for visible imaging was provided by 28 W sunlight lamps installed on
the ceiling of the surgery room.
For tumours detected by intraoperative in vivo NIR-I/II imaging,
intraoperative ultrasonography was combined to confirm its depth, size and
characteristics. The tumour was removed by the guidance of NIR-I fluorescence
images. After resection, in vivo NIR-I and NIR-II fluorescence imaging were
employed to determine whether there were residual lesions in the patient. The
TNR was calculated as a parameter for the in vivo imaging study. The malignant
tumour-detection rate was calculated, which was defined as the ratio of the
malignant tumour number detected by ICG fluorescence imaging, including from
both operative and resected fields, to the number of malignant tumours verified
and detected by H&E examination.
Patient safety was assessed and graded according to the Common Terminology
Criteria for Adverse Events (AE, version 5.0)38 by monitoring vital signs and
performing routine blood tests. Within the first 24 h after ICG injection, the
research team kept in phone contact with each patient, monitoring for potential
AE responses. We noted and analysed any possible side effects during the week
following intraoperative NIR-I/II imaging.
NIR-I/II imaging studies in resected specimens. After tumour resection, the
resected specimens were transversely incised along the maximum tumour diameter
on the basis of surgeon diagnosis. Then, the specimens were further sliced
into several pieces with a thickness of approximately 10 mm. Each of the tissue
sections received intraoperative ex vivo NIR-I/II imaging, to detect all the tumour
lesions. Lastly, tumour lesions underwent routine histopathological examination
procedures. NIR-I/II fluorescence images were compared with the gold-standard
H&E stained images. The TNR was also calculated as a parameter to the resected
tissue along with normal liver tissue, and the TBR was used for the tumour
specimen without normal liver tissue. Fluorescence from black paper, placed
underneath the resected tissue, was used as the background.
Statistical analysis. To investigate the relationship between the NIR-II and NIR-I
imaging, a two-sided Welch’s t-test was employed to compare the quantitative
data between two independent samples. Quantitative results are expressed as
mean ± s.d.).
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the paper
and its Supplementary Information. The raw and analysed datasets are available in
figshare with the identifier https://doi.org/10.6084/m9.figshare.10316318 (ref. 39).

Code availability

Custom-developed code was applied to overlay the fluorescence signals on
photographs. The raw MATLAB codes are available from the corresponding author
upon request.
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